We report substantially enhanced photoluminescence (PL) from hybrid structures of graphene/ZnO films at a band gap energy of ZnO ($ 3:3 eV=376 nm). Despite the well-known constant optical conductivity of graphene in the visible-frequency regime, its abnormally strong absorption in the violet-frequency region has recently been reported. In this Letter, we demonstrate that the resonant excitation of graphene plasmon is responsible for such absorption and eventually contributes to enhanced photoemission from structures of graphene/ZnO films when the corrugation of the ZnO surface modulates photons emitted from ZnO to fulfill the dispersion relation of graphene plasmon. These arguments are strongly supported by PL enhancements depending on the spacer thickness, measurement temperature, and annealing temperature, and the micro-PL mapping images obtained from separate graphene layers on ZnO films. DOI: 10.1103/PhysRevLett.105.127403 PACS numbers: 78.66.Jg, 73.21.Àb, 78.55.Et, 78.66.Qn Graphene is a single atomic layer of graphite [1] . Since the successful isolation of graphene from graphite and transfer onto dielectric substrates, significant efforts have been devoted to determine the electrical and optical properties of graphene [2] [3] [4] . Carriers in graphene show Dirac-fermionic energy dispersion linearly depending on the excitation momentum with high Fermi velocity and zero band gap due to the crystal symmetry of graphene, wherein the carbon atoms are covalently bonded in twodimensional hexagonal form [1, 5] . It is currently possible to engineer the band gap and the Fermi energy of graphene through electrical gating and carrier doping [6, 7] .
Graphene is a single atomic layer of graphite [1] . Since the successful isolation of graphene from graphite and transfer onto dielectric substrates, significant efforts have been devoted to determine the electrical and optical properties of graphene [2] [3] [4] . Carriers in graphene show Dirac-fermionic energy dispersion linearly depending on the excitation momentum with high Fermi velocity and zero band gap due to the crystal symmetry of graphene, wherein the carbon atoms are covalently bonded in twodimensional hexagonal form [1, 5] . It is currently possible to engineer the band gap and the Fermi energy of graphene through electrical gating and carrier doping [6, 7] .
In addition to mobility, high optical transparency is another characteristic feature of graphene. It has been theoretically [8] and experimentally [9, 10] shown that the quasiuniform transmittance of graphene maintained up to the visible range originates from the optical conductivity provided by a constant value of e 2 =4@, where e is the elementary charge and @ Plank's constant divided by 2.
Alternatively, there are several reports of abnormally increased absorption of graphene in the violet-frequency region [10, 11] . R. R. Nair, et al. [10] found that the unexpected absorption was attributed to the excitation of spectrally broadened surface plasmonic modes in graphene and the breakdown of the Dirac-fermion model, caused by triangular warping and nonlinearity of energy bands far from the Dirac energy. In contrast, other studies [8, 11] have demonstrated that the latter could have negligible influence on the optical conductivity. Optical properties of graphene in the violet-frequency regime is especially important for both isolated graphene and graphene graphitized on SiC substrates as the nearest-neighbor hopping energy ($ 2:8 eV) [1, 12] and the band gap energy of SiC ($ 3 eV) [12] are included in this frequency band.
In this Letter, we report substantially enhanced photoluminescence (PL) from hybrid structures of graphene/ZnO films at the band gap energy of ZnO ($ 3:3 eV). By comparing PL signals from samples fabricated in controlled manners, we demonstrate that the enhanced PL can be explained by the resonant excitation of graphene plasmon followed by its transformation into propagating photons through the interaction with the corrugated ZnO surface.
Background.-ZnO films typically exhibit PL spectra in the visible and ultraviolet ranges. Surface plasmon (SP)-mediated PL enhancement has already been observed at metal or metal alloy/ZnO interfaces [13] [14] [15] , where radiation from ZnO film excites localized SP. Metallic properties of single-walled carbon nanotubes (SWCNTs) are also responsible for the SP-coupled PL enhancement observed in hybrid structures of SWCNTs/ZnO films [16] . Similar PL enhancement can be expected when a semimetallic graphene is attached on a ZnO film as schematically illustrated in Fig. 1(a) . Resonant plasmon modes can be induced in graphene when the radiation from the ZnO film is partially trapped between the graphene and a ZnO surface and modulated by surface corrugation defined as a in Fig. 1(b) . The induced plasmon can then be transformed into propagating photons through the scattering with granules on the ZnO surface and eventually result in enhanced photoemission.
The resonance condition and relaxation time of plasmonic modes in graphene are estimated as two leading factors for enhanced PL. Despite the similar electromagnetic expression of plasmon in graphene [17] and SP in thin
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, where ! p is the plasma frequency of metal, graphene plasmon maintains its linear dispersion relation up to higher energies [12, 19] . From several experimental [20] [21] [22] [23] [24] and theoretical studies [17, [25] [26] [27] ] the in-plane wave number q-dependent energy dispersion relation of graphene plasmon !ðqÞ can be expressed in the random phase approximation [23, 24] as
where n e is the number of electrons in a unit area, 0 is the vacuum permittivity, b is the background dielectric constant, m Ã is the effective mass of the graphene electrons, and v F is the Fermi velocity. Here, we assume that graphene is surrounded by air ( b ¼ 1) because graphene is simply placed on the granular ZnO surface [28] without any chemical bonding and therefore in contact with air on both sides as in the case for SWCNTs [16, 29] . With numerical parameters n e ¼ 1 Â 10 13 cm À2 obtained by Hall measurements [3, 30] , m Ã ¼ 0:077m e [21] , where m e denotes electron mass, and v F ¼ 1:12 Â 10 6 m=s [21, 23, 26] , the graphene plasmon can be resonantly excited at the band gap energy of ZnO ($ 3:3 eV) for an in-plane momentum q ¼ 2=1:5 nm À1 . Therefore, if the surface corrugation of the ZnO film can be specified by the same modulus (a $ 1:5 nm), enhanced PL from the graphene/ZnO hybrid structure can be expected. At present, it is impossible to precisely measure the corrugation of the ZnO film because 1.5 nm is far below the resolution limit of the existing lateral-structure analysis techniques. However, it is believed that the corrugation of the ZnO surface is on the order of nm.
Furthermore, the relaxation time of graphene plasmon is considered. According to experimental [23, 24] and theoretical [17] reports on plasmon damping in graphene, plasmon in the high frequency regime with a large momentum rapidly decays via electron-hole pair generation as well as the interaction with optical phonons. The relaxation time of the graphene plasmon is estimated as a few fs at the band gap energy of ZnO from its inversely quasilinear behavior with frequency [23] . We should note that this time scale is determined without nonlocal screening by the substrate. The relaxation time can substantially increase when the Coulomb interaction within graphene is screened by the radiation from the ZnO substrate [12, 17, 23] . Moreover, the estimated relaxation time of graphene plasmon is comparable to that of SP in Ag/ graphite hybrid systems ($ 10 fs) [31] , where enhanced PL by SP has already been observed.
Experiments.-The samples were prepared as follows. 100 nm ZnO films were deposited on p-type Si (100) wafers at room temperature (RT) by RF magnetron sputtering and some of the films were annealed for 3 min under oxygen ambient to enhance their optical properties. Details of ZnO sputtering were described elsewhere [32] . Graphene layers were derived through mechanical exfoliation of highly oriented-pyrolithic-graphite (HOPG) and subsequently transferred to a 100-nm-thick ZnO film/ p-type Si wafers. The PL spectra were measured in a closed-cycle refrigerator by using a 325 nm line of HeCd laser as an excitation source. The microscopic ()-PL measurements were performed at RT using a home-built scanning confocal microscope. The laser beam was focused on the sample surface through a microscope objective that can focus the laser spot down to less than 1 m. -PL signals from samples were spectrally dispersed by a 50 cm spectrometer equipped with a charge coupled device (Andor DU401A-BU). PL mapping was obtained by moving the sample under the microscope using properly aligned step motors. The spatial resolution of the PL mapping image was less than 2 m. The graphene formed on the ZnO films was characterized by Raman spectroscopy, atomic-force microscopy (AFM), and optical microscopy. The experimental results and their analyses are in the supplementary information. Figure 2 (a) shows the PL spectra of a typical hybrid structure of graphene/ZnO film and a bare ZnO film at RT. The PL peak of the hybrid structure does not shift with respect to that of bare ZnO film ($ 376 nm=3:30 eV), and the strongest PL peak intensity from the hybrid structure is approximately 4 times larger than that of bare ZnO film. The integrated PL intensity of the hybrid sample with respect to that of the bare ZnO film, the PL enhancement ratio, is plotted as a function of measurement temperature in Fig. 2(b) . The enhancement ratio increases with decreasing temperature, similar to the PL behaviors in metalcapped ZnO films due to the coupling between the radiation field from ZnO and SP in metal [15] .
The photoemissions from single-layer graphene (SG) and few-layer graphene (FG) on the ZnO film can not be distinguished by the conventional PL spectroscopy because the beam-spot size of the excitation source completely covered the graphene flakes. Therefore, the PL spectrum of the hybrid structure in Fig. 2(a) actually contains all PL signals from graphene with a different number of layers on the ZnO film. The inset of Fig. 2(a) shows PL spectra from separate SG, bilayer graphene (BG), and the bare surface on a ZnO film measured at RT by -PL spectroscopy. The -PL intensities are 3.2 and 2.4 times larger in SG and BG on the ZnO film, respectively, compared to that of the bare ZnO film. To confirm that the different PL enhancements are attributed to the number of graphene layers, two other samples with clearly distinguished, SG, BG, and bare surface regions on a ZnO film were fabricated.
For an example, an optical microscopic image and corresponding spatial mapping of -PL peak intensities are shown in Figs. 2(c) and 2(d) , respectively. Peak intensities in the SG region are stronger than those in the BG region, which are larger than the intensities on the bare ZnO surface, consistent with the result of inset in Fig. 2(a) . The smaller PL intensity of the BG region possibly results from a decrease in the optical transparency of the BG and a deviation from the plasmon-excitation condition of Eq. (1). As the number of graphene layers increases, the enhanced metallic feature due to the interlayer interaction of carriers [1] and the electron-phonon interaction [24] lead to a decrease in transmittance [10, 33] and a different plasmondispersion behavior [24] , respectively. The plasmon coupling is expected to increase at low temperatures due to the increase of plasmon density of states [15] and the reduction of plasmon damping caused by the electron-phonon interaction [34] , thereby increasing the PL enhancement ratio, as shown in Fig. 2(b) .
The PL intensity of the hybrid structures strongly depends on the distance between the ZnO film and the graphene layer. Figure 3(a) shows an exponential decrease of the PL enhancement ratio as the thickness of the SiO 2 spacer between the ZnO film and graphene increases, resulting from the evanescent nature of graphene plasmon [17] . These results demonstrate that the enhanced PL from the hybrid structures of graphene/ZnO films originate from photons transformed from graphene plasmon via the scattering with corrugated ZnO surface.
All the PL data shown above were obtained using ZnO films annealed at 900 C. Hybrid structures with ZnO films annealed at different temperatures were also prepared to study the influence of the film roughness on the PL enhancement. The right vertical axis in Fig. 3(b) shows the PL enhancement ratio as a function of annealing temperature (T A ). While reduction rather than enhancement in PL is observed up to T A ¼ 600 C, the PL enhancement ratio sharply increases at T A ¼ 900 C. It has been reported that the surface roughness of ZnO films increases after annealing at 900 C [35, 36] . Similar behavior of the surface roughness in ZnO films was observed with AFM, as presented in the left axis of Fig. 3(b) , wherein the surface roughness profoundly increases at T A ¼ 900 C. The scanning electron microscopy images show very different surface morphologies at T A ¼ 900 C as well [37] . These results suggest that the surface conditions are crucial factors for the plasmon-assisted PL enhancement.
Similar experiments were performed with graphene produced by chemical vapor deposition (CVD) as detailed previously [4] . PL enhancement was not observed from the CVD samples by conventional PL spectroscopy or by -PL spectroscopy [37] . The conductivity of the CVDgrown graphene is estimated as 5 to 10 times less than that of the HOPG-derived graphene according to the previously reported values of their mobility and electron concentration [2] [3] [4] 30, 33, 38] . This decrease is possibly due to the polycrystalline nature of the CVD-grown graphene which corroborates the reduction of PL in CVD-grown graphene/ ZnO structures. In summary, substantially enhanced PL from hybrid structures of graphene/ZnO films at the band gap energy of ZnO compared to that from a bare ZnO film was experimentally observed. The enhanced PL was attributed to the resonant excitation of graphene plasmon and its transformation into propagating photons via the interaction with corrugated ZnO surface based on -PL mapping images obtained from separate graphene layers and PL data depending on the spacer thickness, measurement temperature, and annealing temperature. These results suggest that graphene is a promising candidate for potential application in highly efficient optoelectronic devices in visible and ultraviolet frequency regime.
